Development of mucosal vaccines for the female reproductive tract may have profound implications for the prevention of sexually transmitted diseases. Despite numerous efforts, no such vaccines are currently available, mainly due to lack of information on how best to activate a protective immune response in the female genital tract mucosa. The female genital tract is a part of the common mucosal immune system that has some unique characteristics. The female genital tract lacks organized lymphoepithelial structures resembling intestinal Peyer's patches where mucosal immune responses are initiated and disseminated to distant effector sites. Further, many aspects, including the distribution and properties of immunocompetent cells, the proportions of immunoglobulin (Ig) isotypes, and the permeability of the genital tract epithelium to proteins, are changed during the course of the estrus cycle. Whereas sexually transmitted pathogens, such as herpes simplex virus type 2 (HSV-2), induce pathogen-specific immune responses, local administration of nonreplicating antigens into the vagina elicits only modest, nondisseminating immune responses (16, 22, 23) .
HSV-2 infects human genital tract mucosa and is the leading cause of genital ulcers worldwide (10, 27) . Over the last decades, there have been numerous efforts to develop vaccines against genital herpes infection and disease. Several candidate vaccines involving inactivated viruses, protein subunit, recombinant glycoprotein, plasmid DNA, and attenuated live viruses have been tested experimentally in animals and found to confer variable levels of protection against genital herpes (11) . Several protein subunit vaccines based on HSV-2 envelope glycoproteins have reached advanced-phase clinical trials. Recent such studies showed that systemic vaccination with recombinant HSV-2 glycoproteins B and D in MF59, an oil-in-water emulsion adjuvant, failed to confer protection against genital HSV-2 infection or disease (26) . However, more-recent studies reported that systemic vaccination with gD2 formulated with alum-monophosphoryl lipid yielded limited protection but only in women who had never been infected with either of two HSV serotypes (25) . Therefore, there remains a great need to develop an effective mucosal vaccine against genital herpes capable of eliciting more-potent immune effector and, hence, protective responses while remaining well tolerated.
Several recent reports have shown that synthetic oligodeoxynucleotides (ODNs) containing unmethylated cytidinephosphate-guanosine with appropriate flanking regions (CpG motif), which act through activation of the Toll-like receptor 9 signaling pathway, serve as potent inducers of innate and ac-quired immune responses in both systemic and mucosal compartments (7, 12) . We have recently demonstrated that vaginal administration of CpG-containing ODN (CpG ODN) triggers production of Th1-type cytokines gamma interferon (IFN-␥), interleukin-12 (IL-12), and IL-18 in the vaginal mucosa and/or the genital lymph nodes (gLNs). Further, such treatment led to a dramatic increase in the total numbers of B cells, NK cells, NKT cells, and T cells in the genital lymph nodes (6) . Interestingly, some of these immune components were demonstrated to play a significant role in innate immune protection against genital herpes (9, 20) . We and others have shown that pretreatment of mice with a single vaginal dose of CpG ODN, without any exogenous viral antigen codelivery, affords significant innate immune protection against primary genital herpes infection and disease (1, 6, 21) . The observed protection was found to induce the development of an HSV-2-specific memory response affording sterilizing immunity against reinfection (6) .
Immunity against pathogens is orchestrated in part by the ordered release of different chemokines that act as chemoattractants and activators of various immune cells. The chemokine superfamily is divided into four subfamilies, CXC, CC, CX 3 C, and C, based on the number and relative position of conserved cysteine residues (30) . Of the different chemokines studied to date, members of the CC and CXC chemokine subfamilies appeared to have the greatest effects on the recruitment of various immune cells, such as natural killer (NK) cells, polymorphonuclear cells, dendritic cells, macrophages, and lymphocytes, to the site of vaccination/infection. Thus, the CC chemokine RANTES (regulated on activation, normal T cell expressed and secreted) is produced mainly by epithelial cells, endothelial cells, fibroblasts, and T lymphocytes, and by binding to CCR1, CCR3, or CCR5, it chemoattracts T cells, monocytes, NK cells, and dendritic cells. Other members of the CC chemokine subfamily are macrophage inflammatory protein 1␣ (MIP-1␣) and MIP-1␤, which can induce the influx of NK cells, macrophages, and immature dendritic cells (14) . Recent studies have shown that these CC chemokines are important factors in the development of a Th1-type immune response (24) . The CXC chemokines IFN-␥-inducible protein 10 (IP-10) and MIP-2 are produced by a variety of cell types, including fibroblasts, endothelial cells, and mononuclear cells, and chemoattract monocytes and T cells (for IP-10) and neutrophils (for MIP-2) to the site of vaccination/infection (14) .
The present study was undertaken to examine the impact of vaginally administered CpG ODN for the induction of CC and CXC chemokine responses in the female genital tract mucosae and the draining lymph nodes of inbred and outbred mice. Further, we investigated the efficacy of CpG ODN as a mucosal adjuvant coadministered with recombinant HSV-2 gD protein for induction of humoral and cell-mediated immunity both in the female genital tract mucosa and in the spleen and asked if such a vaccination scheme could elicit protective immunity against genital herpes in mice.
MATERIALS AND METHODS
Mice. Six-to 8-week-old female C57BL/6 (M&B) or NMRI (Charles River) mice were kept in ventilated cages under specific-pathogen-free conditions at the EBM Animal Facility, Sahlgrenska Academy, Göteborg University. All experiments were carried out with the approval of the Ethical Committee for Animal Experimentation in Göteborg, Sweden. The studies were performed twice.
ODNs. The CpG ODN used in this study was 1826 (TCC ATG ACG TTC CTG ACG TT), a 20-mer containing two copies of a CpG motif known to have potent immunostimulatory effects on the murine immune system (29) . The control ODN was TCC ATG AGC TTC CTG AGC TT, a 20-mer containing no CpG motif. All ODNs were used with a complete phosphorothioate backbone. The ODNs were purchased from Operon Biotechnologies GMBH (Germany).
CpG ODN administration and tissue saponin extraction. In the first study, 60 g of CpG ODN was administered intravaginally to groups of 33 mice. Three mice were sacrificed at different times after CpG ODN administration, and the vaginas and gLNs were excised and weighed before storage at Ϫ20°C in a phosphate-buffered saline (PBS) solution containing 2 mM phenylmethylsulfonyl fluoride, 0.1 mg of soybean trypsin inhibitor (Sigma) per ml, and 0.05 mM EDTA. The tissue samples were thawed and then permeabilized with saponin (Sigma) at a final concentration of 2% (wt/vol) in PBS at 4°C overnight. Tissue samples were centrifuged at 13,000 rpm for 10 min and supernatants collected for further analyses. Production and purification of recombinant gD2. Sf9 (Spodoptera frugiperda) cells (Gibco BRL) were grown in Sf900II medium (Gibco BRL), infected with recombinant baculovirus expressing gD2 (306t) (28) at a multiplicity of infection of 4, and cultured at 27°C in a Celligen bioreactor (New Brunswick Scientific) for 48 h. Cells were removed by centrifugation, and the clarified medium was concentrated with a Pellicon cassette filter (Millipore) with a 10,000-molecularweight cutoff. The concentrated supernatant was then exchanged with PBS. The exchanged medium was passed over a DL6 immunosorbent column and eluted as previously described (19) . gD2 (306t) proteins were concentrated, dialyzed against PBS, and stored at Ϫ80°C.
Vaccination study. For mucosal vaccination studies, groups of 8 to 10 female C57BL/6 and NMRI mice were injected subcutaneously with 3.0 mg of DepoProvera (Upjohn s.a., Puurs, Belgium) in PBS. Six days later, some of the mice were immunized with CpG ODN (30 g), recombinant gD2 (5 g), gD2 (5 g) plus CpG ODN (30 g), or gD2 (5 g) plus control ODN (30 g). All immunizations were performed once or twice at 10-day intervals. The studies were performed twice.
Proliferation assay. CD11c ϩ cells were purified from spleen cells of naïve mice by using MACS beads from Miltenyi Biotec (Gladbach, Germany) according to the manufacturer's recommendations and cultured overnight in the presence of recombinant gD2. The CD11c ϩ cells (10 4 /well) were cocultured with splenocytes, gLN cells, and splenic CD4 ϩ T cells (purified by using MACS beads [Miltenyi Biotec, Gladbach, Germany]) isolated from the vaccinated animals 3 to 4 weeks after the last vaccination. Cells were seeded in triplicate wells of 96-well flatbottomed plates, at a concentration of 1 ϫ 10 5 cells per well in Iscove's medium supplemented with L-glutamine, 50 M 2-mercaptoethanol, gentamicin, and 10% fetal calf serum, and incubated at 37°C. After 96 h of incubation, culture supernatants were collected and assayed for cytokine contents. On day 4, cells were pulsed with 1 Ci of [ 3 H]thymidine (Amersham Pharmacia) for the last 6 h of incubation. The cellular DNA was harvested on glass-fiber filters and then assayed by liquid scintillation counting. Data are expressed as the mean counts per minute.
Cytokine and chemokine quantification. Concentrations of cytokines and chemokines in the tissue and/or cell culture supernatants were determined by using Douset chemokine enzyme-linked immunosorbent assay (ELISA) kits from R&D Systems (Abingdon, United Kingdom) according to the manufacturer's recommendations.
Analysis of antibody response. Maxisorp 96-well plates (Nunc) were coated with 100 l of recombinant gD2 (306t), diluted to a final concentration of 5 g/ml, in 50 mM carbonate buffer (pH 9.6) for 4 h at room temperature, followed by overnight incubation at 4°C. The plates were blocked with 2% bovine serum albumin in PBS for 30 min at 37°C. Serial dilutions of sera or vaginal extracts obtained 3 to 4 weeks after vaccination from the different vaccination groups were incubated for 1 h at 37°C. After being washed with 0.05% Tween 20, the plates were incubated for another 1 h at 37°C with horseradish peroxidaseconjugated goat anti-mouse IgA, IgG, IgG1 (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA), or IgG2c (Research Diagnostic, Inc., Flanders, NJ). The plates were then washed with 0.05% Tween 20 and developed using 100 l of 1 mg/ml o-phenylenediamine dihydrochloride (Sigma) in 0.1 M citrate buffer (pH 4.5) containing 0.04% H 2 O 2 . After 10 to 50 min of incubation at room temperature, the absorbance was read at 450 nm.
Virus and virus challenge. HSV-2 strain 333 was grown in monolayers of African green monkey kidney cells (GMK-AH1) and prepared by one cycle of freezing and thawing followed by removal of cellular debris by centrifugation, and virus titers were determined. For virus challenge experiments, groups of five 5284 TENGVALL ET AL. J. VIROL.
to six vaccinated as well as naïve mice were injected subcutaneously with 3.0 mg of Depo-Provera (Upjohn s.a., Puurs, Belgium) in PBS. Six days later, the mice were anesthetized with isoflurane (Baxter Medical AB) and challenged by an intravaginal administration of 9 ϫ 10 4 PFU (200 50% lethal doses [LD 50 ]) of HSV-2 strain 333 in 10 l of Hank's balanced salt solution.
Monitoring of infection. (i) Virus replication.
Following intravaginal HSV-2 challenge, vaginal fluids were collected by pipetting 40 l of sterile Hank's balanced salt solution in and out of the vagina until a discrete clump of mucus was retrieved. A second wash was then performed. The two washes were pooled and stored at Ϫ70°C. HSV-2 titers were determined by plaque assay of GMK-AH1 cell monolayers by using the standard method.
(ii) Inflammation and disease. Mice were examined daily for vaginal inflammation, neurological illness, and death after HSV-2 challenge. The severity of the disease was graded as healthy (score of 0), genital erythema (score of 1), moderate genital inflammation (score of 2), severe and purulent genital lesions (score of 3), hind limb paralysis (score of 4), and death or sacrifice due to paralysis (score of 5).
Statistical analyses. The Student t test was used for statistical analyses with Graph Pad Prism 4 software (Calif.).
RESULTS
Mucosal administration of CpG ODN induces CC and CXC chemokine responses in the vagina and the draining lymph nodes of C57BL/6 mice. Given the importance of CC and CXC chemokines in the development of immune responses, we sought to examine if a mucosal administration of CpG ODN can elicit production of CC chemokines MIP-1␣ and MIP-1␤ and CXC chemokines IP-10 and MIP-2 in the vagina and the draining gLNs. To this end, the chemokine levels were measured at various intervals after a single administration of CpG ODN in the vagina and the gLNs. Low levels of MIP-1␣ and MIP-1␤ were detected in the vagina and the gLNs of naïve C57BL/6 mice. The vaginal level of MIP-1␣ increased 100-fold over levels in the control animals within 8 h after CpG ODN administration, declined to 15-fold within 48 h, and FIG. 1. Time course of CC and CXC chemokine production in response to intravaginal CpG ODN administration. C57BL/6 mice were injected subcutaneously with 3.0 mg of Depo-Provera. Six days later (day 0), the mice were inoculated vaginally with CpG ODN 1826 (60 g per mouse). The vaginas (A) and the gLNs (B) were excised, and saponin was extracted at the indicated time points (two to four mice per time point). The tissue extracts were analyzed for their MIP-1␣, MIP-1␤, IP-10, and MIP-2 contents by ELISA. The data are expressed as increases (n-fold) over levels for naïve mice. The peak levels of chemokines were significantly higher than those of the respective control groups at P of Ͻ0.01 for vaginal MIP-1␣ and MIP-1␤ as well as gLN MIP-1␣ and at P of Ͻ0.05 for the others by the Student t test. (Fig. 1B) . Likewise, the vaginal level of MIP-1␤ increased 110-fold, remained high for 24 h (70-fold), and waned by day 14 (3-to 14-fold) (Fig. 1A) . The gLN levels of MIP-1␤ increased 19-fold by 8 h and decreased by day 2 (2-fold), followed by a second increase after 3 to 4 days (5-fold) (Fig. 1B) . The vaginal and gLN levels of CXC chemokines IP-10 and MIP-2 were very low in untreated C57BL/6 mice. The vaginal level of IP-10 rose 12-fold within 8 h, declined to 4-fold by day 2, and remained at this level for 14 days (Fig. 1A) . Interestingly, the IP-10 levels in gLN extracts showed a 27-fold increase within 8 h but declined rapidly to 2-fold by day 2 (Fig.  1B) . The level of MIP-2 in the vagina increased 26-fold within 8 h and then waned by day 4, followed by a second smaller wave of MIP-2 production on day 5 (Fig. 1A) . The level of MIP-2 in the gLN slightly increased within 8 h (threefold) and then declined to the basal level followed by a second peak on day 8 (threefold) (Fig. 1B) . Thus, mucosal administration of CpG ODN stimulates a rapid and potent rise in CC and CXC chemokine levels in both the vagina and the regional lymph nodes.
Mucosal administration of CpG ODN induces CC and CXC chemokine responses in the vaginas of outbred mice. Having shown that a vaginal administration of CpG ODN induces potent CC and CXC chemokine responses in the genital tracts of inbred C57BL/6 mice, we next asked whether CpG ODN could induce production of the CC and CXC chemokines in the vaginas of outbred mice. To this end, we determined the levels of the CC and CXC chemokines in the vaginas and the gLNs of NMRI mice at various intervals after a single vaginal administration of CpG ODN. The level of RANTES in the vagina increased 15-fold over that of naïve mice within 4 h, peaked at 65-fold by 8 h, and then declined to 25-fold by day 2. A second peak in the vaginal level of RANTES was observed on day 4 (45-fold), but that level waned within 14 days (Fig. 2) . The level of MIP-1␣ rose by 2 h, peaked at 1 day (15-fold), and then gradually declined. The level of MIP-1␤ in the vagina displayed a trend comparable to that of MIP-1␣ (Fig. 2) . The levels of IP-10 and MIP-2 increased within 8 h (3.5-and 4-fold, respectively) and then decreased to the levels observed for the naïve control mice (Fig. 2) . While the level of RANTES in the gLNs of NMRI mice rose 10-fold within 8 h and remained high for 24 h (data not shown), the gLN levels of other chemokines remained unaltered throughout the course of the experiment. Hence, vaginal administration of CpG ODN stimulates rapid production of RANTES, MIP-1␣, MIP-1␤, IP-10, and MIP-2 in the female genital tract mucosae of outbred mice.
Vaginal vaccination with HSV-2 gD protein plus CpG ODN elicits antigen-specific mucosal and systemic immune responses.
Vaginal immunization with nonreplicating antigen was shown to induce poor local and systemic immune responses (16) . Having shown that CpG ODN can elicit a potent Th1 cytokine and chemokine milieu in the vagina and the draining lymph nodes, we next asked whether coadministration of CpG ODN with recombinant gD2 protein could elicit mucosal and systemic immune responses. To this end, female C57BL/6 mice were immunized vaginally twice at 10-day intervals with CpG ODN, gD2, gD2 plus CpG ODN, or gD2 plus control ODN. Four weeks after the last immunization, humoral and cellmediated immune responses in gLNs, vaginas, and spleens were analyzed.
We first examined the impact of CpG ODN on the induction of a gD-specific T-cell response. To this end, CD11c ϩ dendritic cells pulsed with gD2 protein were cocultured with either gLN or splenic CD4 ϩ T cells purified from the vaccinated mice. The gD-specific proliferative responses as well as the gD-specific production of IFN-␥ and MIP-1␤ were analyzed after 96 h in gLN and CD4 ϩ T-cell culture supernatants by use of ELISA. As expected, the gLNs from naïve control and CpG ODNvaccinated mice did not show any gD-specific proliferative response ( Table 1 ). The gLNs isolated from the gD-vaccinated group showed a moderate level of gD-specific proliferation. However, the gD plus CpG ODN group displayed significantly higher proliferation levels than those displayed by the groups that received gD alone (P Ͻ 0.001). The gLN cells from naïve and CpG ODN-vaccinated mice produced no detectable levels FIG. 2. Kinetics of vaginal CC and CXC chemokine production after vaginal CpG ODN administration in outbred NMRI mice. The data are expressed as increases (n-fold) in concentrations of RANTES, MIP-1␣, MIP-1␤, IP-10, and MIP-2 over those for naïve mice. The experiment was performed as described in the legend for Fig. 1 . The peak levels of chemokines were significantly higher than those of the respective control groups at P of Ͻ0.01 for RANTES and MIP-1␤ and at P of Ͻ0.05 for MIP-1␣ by the Student t test.
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of IFN-␥. A low gD-specific IFN-␥ response was detected in the culture of the gLNs from the gD-vaccinated group. In contrast, the gD-plus-CpG-vaccinated group showed a sixfold increase in IFN-␥ production over that of the gD2 group (P Ͻ 0.001). Similarly, gLNs from the gD-plus-CpG-vaccinated group produced significantly higher levels of MIP-1␤ than the gD-vaccinated group (Table 1) . We next tested the impact of mucosal vaccinations with gD or gD plus CpG ODN on induction of cell-mediated immune responses in the splenic CD4 ϩ T cells. Mice vaccinated with CpG alone showed no changes. Splenic CD4 ϩ T cells from the gD plus CpG ODN group developed significant proliferative and IFN-␥ responses, whereas these responses were not detected in CD4 ϩ T cells of mice from the gD group. The splenic CD4 ϩ T cells from the gD-vaccinated group produced an intermediate level of MIP-1␤. Likewise, MIP-1␤ production was significantly greater in the gD-plus-CpG-vaccinated group than in the gD group (Table 1) .
Finally, we examined the levels of gD-specific IgA and/or IgG in the sera and saponin-extracted vaginas of vaccinated mice. Interestingly, only the gD plus CpG ODN group had significant levels of gD-specific IgG in their sera and vaginas (Fig. 3A) . We also tested for IgG1 (an indicator of Th2 response) and IgG2c (an indicator of Th1 response in C57BL/6 mice) (15) isotypes in the sera of vaccinated animals. As shown in Fig. 3B , low levels of IgG1 and IgG2c were detected in the gD-vaccinated as well as the gD-plus-control ODN-vaccinated mice. In contrast, the gD-plus-CpG ODN-vaccinated group displayed considerable amounts of IgG1 and IgG2c, with IgG2c being the predominant isotype (Fig. 3B) . However, none of the vaccinated groups had any detectable level of IgA in their vaginal extracts (data not shown). Altogether, these results imply that vaginal immunization of mice with gD and CpG ODN elicits Th1-skewed mucosal and systemic immune responses.
Mucosal vaccination with HSV-2 gD protein plus CpG ODN confers protection against genital herpes in both inbred and outbred mice. Given the potential of vaginal CpG ODN administration, without any viral antigen coadministration, in inducing strong innate immune protection against genital herpes (1, 6), we examined whether a gD plus CpG ODN vaccination protocol could confer an acquired protective immunity against a subsequent vaginal challenge with a lethal dose of HSV-2. Therefore, 3 to 4 weeks after the last immunization, groups of vaccinated mice were intravaginally challenged with 200 LD 50 (9 ϫ 10 4 PFU) of HSV-2 strain 333. Following the virus challenge, vaginal titers of virus as well as the outcome of disease were examined. Three days after viral challenge, all mice except those inoculated with gD plus CpG ODN showed significant levels of viral replication in the vagina (Fig. 4A) . Likewise, all animals except those given gD plus CpG ODN developed a rapidly progressing disease requiring euthanization within 9 to 10 days after challenge (Fig. 4B) . The gD plus CpG group, on the other hand, had very low titers of HSV-2 in their vaginal fluids (P Ͻ 0.01), and 80% of the animals were protected against HSV-2 challenge (Fig. 4A and C) .
Next, we addressed the question of whether the gD plus CpG ODN vaccination protocol could confer protection against a subsequent HSV-2 challenge in outbred mice. To this ϩ cells (10 5 cells/ml) pulsed with recombinant gD for 96 h. The data are expressed as means Ϯ standard deviations. UD, undetectable. *, P Ͻ 0.01; **, P Ͻ 0.001 (statistical significance as determined by the Student t test, compared with results for the gD group).
FIG. 3. gD-specific IgG antibody response in vaginally vaccinated mice. Groups of female C57BL/6 mice (n ϭ 5) were intravaginally vaccinated two times, 10 days apart, with CpG ODN, gD, gD plus CpG ODN, or gD plus control ODN. Four weeks after the last immunization, the mice were sacrificed and the gD-specific IgG levels in their sera and their vaginal extracts (A) as well as IgG1 and IgG2c antibody levels in their sera (B) were determined using an HSV-2 gD-specific ELISA. The data are expressed as the log 10 means ϩ standard errors of the means of the optical density (OD) values of 1 of 10 prediluted samples measured at 450 nm. ND, not done.
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USE OF CpG DNA FOR IMMUNIZATION AGAINST GENITAL HERPES 5287 end, groups of NMRI mice were immunized vaginally twice with CpG ODN, gD, or gD plus CpG ODN. Four weeks after the last immunization, the immunized mice and the naïve control mice were challenged with 200 LD 50 (9 ϫ 10 4 PFU) of HSV-2 strain 333. As depicted in Fig. 5 , all control mice and mice immunized with CpG ODN showed significant levels of HSV-2 in their genital secretions, rapidly developed signs of the disease, and died. Mice immunized with gD plus CpG ODN showed significantly lower vaginal viral titers than gDimmunized mice (P Ͻ 0.05) (Fig. 5A) . Further, the gD plus CpG ODN group showed higher survival and lower pathology FIG. 4 . Mucosal vaccination of C57BL/6 mice with gD plus CpG ODN confers strong protection against genital herpes. Groups of female C57BL/6 mice were intravaginally vaccinated twice, 10 days apart, with CpG ODN, gD, gD plus CpG ODN, or gD plus control ODN. Four weeks after the last vaccination, the mice were challenged vaginally with a lethal dose of HSV-2. The animals were examined for vaginal viral titer on day 3 (A). The data are expressed as means ϩ standard errors of the means of virus loads (PFU/sample) from groups of 7 to 10 mice. The virus titers for mice immunized with gD plus CpG ODN were significantly lower, as determined by Student's t test, than those of the gD group (**, P Ͻ 0.01). Animals were monitored daily for survival (B) and signs of disease (C). The results are pooled from two independent experiments.
FIG. 5.
Vaginal vaccination with gD plus CpG ODN elicits protection against genital herpes in outbred NMRI mice. Groups of female NMRI mice (n ϭ 5) were intravaginally immunized twice, 10 days apart, with CpG ODN, gD, or gD plus CpG ODN. Four weeks after the last vaccination, the mice were challenged vaginally with a lethal dose of HSV-2. The animals were examined for vaginal viral titer on day 3 (A). The results are expressed as means ϩ standard errors of the means of virus loads (PFU/sample). *, P Ͻ 0.5 by Student's t test, compared with results for the gD group. Animals were monitored daily for survival (B) and signs of disease (C).
scores following vaginal HSV-2 challenge than mice immunized with gD alone (Fig. 5B and C) . Taken together, these data imply that double vaginal immunization of mice with gD plus CpG ODN is capable of generating protection against vaginal HSV-2 challenge in both inbred and outbred mice.
We then tested whether a single vaginal immunization with gD plus CpG ODN could give rise to protection against subsequent HSV-2 challenge. To this end, groups of C57BL/6 mice were immunized intravaginally with a single dose of gD plus CpG ODN. Four weeks after the immunization, the immunized mice and naïve mice were intravaginally challenged with a lethal dose of HSV-2. Similarly to control animals, all mice immunized once with gD plus CpG ODN had high levels of vaginal HSV-2 titers (Fig. 6A) . Additionally, all immunized mice developed signs of the disease and died as a result of neurological illness within 10 days after HSV-2 challenge (Fig.  6B and C) . Thus, a single vaginal immunization of mice with gD plus CpG does not confer protection against genital HSV-2 infection and disease. We also compared the efficacies of high and low doses of CpG ODN for induction of protection. Groups of C57BL/6 mice were vaccinated twice with gD plus either 30 g or 2 g of CpG ODN and then were challenged with a lethal HSV-2 dose. The result shows a diminished protection in the group vaccinated with a low dose (2 g) of CpG ODN (data not shown). Thus, these results indicate that a dose of 30 g of CpG ODN can serve as a potent mucosal adjuvant for protein vaccination against genital HSV-2 infection in mice.
DISCUSSION
We have recently shown that mucosal administration of CpG ODN into the murine vaginal mucosa elicits strong Th1-associated cytokine responses in the vagina and also mobilizes the influx of immunocompetent cells into the genital lymph nodes. Further, a single vaginal dose of CpG ODN confers potent innate immune protection against genital herpes (1, 6) . We show in the present study that the local mucosal administration of CpG ODN is associated with a rapid and strong increase in the CC chemokines MIP-1␣, MIP-1␤, and RANTES and the CXC chemokines IP-10 and MIP-2 in both the vagina and the draining lymph nodes. This finding is in line with our previous results that local administration of CpG ODN elicits production of the Th1-associated cytokines IFN-␥, IL-12, and IL-18 and the Th1-associated chemokine RANTES in the vagina (6). MIP-1␣, MIP-1␤, and RANTES play an essential role in trafficking of immunocompetent cells, including macrophages, dendritic cells, NK cells, and activated T cells, to the site of immunization or infection. The production of these chemokines is associated with development of a Th1-type immune response (24) . The rapid production of MIP-1␣, MIP-1␤, and RANTES in both the vagina and the draining lymph nodes is of fundamental importance for immunity against human immunodeficiency virus type 1 (HIV-1) infection in the vagina, as these are the major HIV-suppressive factors (3) .
We also showed that within 8 h following mucosal delivery of CpG ODN, the levels of CXC chemokine IP-10 markedly increased in both the vagina and the gLNs and stayed elevated for 2 days. IP-10/CXCL10 attracts monocytes and activated T lymphocytes at inflammatory foci and promotes selective en- delivery of CpG ODN, the levels of MIP-2 increased in both the vagina and the gLNs. MIP-2, a homologue of human IL-8, possesses a strong chemotactic activity for neutrophils and can therefore contribute to the development of immunity in the genital tract. It is noteworthy that neutrophils were shown to play an important role in resolution of HSV-2 infection of the mouse vagina (17) . Interestingly, our results indicate that vaginal administration of CpG ODN elicited rapid CC and CXC chemokine responses in the vaginas of inbred as well as outbred mice. Nonetheless, the gLN chemokine responses observed to occur in inbred C57BL/6 mice were almost absent in NMRI outbred animals. Because Th1 immune response was shown to be associated with protective immunity in the murine genital herpes model, we examined whether the Th1-tilted milieu induced by mucosal administration of CpG ODN potentiated the immune response against a coadministered recombinant gD protein. We found that vaginal immunization of mice with gD protein plus CpG ODN elicited a strong antigen-specific Th1-type cellmediated immunity, both in the gLNs and the spleen, as evidenced by a potent gD-specific proliferative and IFN-␥ response by gLN and splenic CD4 ϩ T cells. Of note, IFN-␥ is the most important immune correlate in immunity against genital herpes (20) . The vaccinated animals were significantly protected against an otherwise lethal vaginal challenge with HSV-2. Conversely, vaccination of mice with CpG ODN or gD alone failed to elicit any appreciable gD-specific IgG antibody, T-cell, or IFN-␥ response. Not surprisingly, these mice succumbed rapidly to genital HSV-2 challenge. The CpG motif was found to be critical for an adjuvant effect of CpG ODN, as groups of mice vaccinated with gD plus control ODN did not resist a lethal challenge dose. These results corroborate and expand the recent finding by Kwant and Rosenthal (13) that vaginal immunization with CpG ODN plus recombinant gB protein induced gB-specific antibody response as well as protection against a vaginal HSV-2 challenge in mice. Interestingly, our results showed that vaginal immunization with gD plus CpG ODN could generate protection against genital herpes in outbred NMRI mice, which are genetically undefined. We also demonstrated that double vaginal immunization with gD plus CpG ODN is required to generate a considerable level of protection, as C57BL/6 mice immunized with a single dose of gD plus CpG ODN did not show any appreciable level of protection against HSV-2 challenge.
In summary, the present study demonstrates the efficacy of CpG ODN for the generation of potent CC and CXC chemokine responses in the vagina and the gLNs and also as a mucosal/vaginal adjuvant for generation of Th1-skewed T-cell response towards a nonreplicating antigen in both the local genital lymph nodes and the spleen. These findings highlight the value of CpG ODN as a potent mucosal adjuvant for the induction of protective Th1-tilted immune responses against genital herpes and justify further investigation of the use of CpG ODN for the development of mucosal vaccines against other sexually transmitted pathogens, such as HIV.
